The synthesis of new bio-based chemical building blocks, resulting from the condensation of a renewable C-22 acyloin derived from non-edible castor oil, with mono-and bifunctional isocyanates is reported. The condensation with aliphatic mono-isocyanates was relatively straightforward, however phenyl isocyanates only resulted in low yields together with the formation of a cyclic hemi-aminal during purification. The condensation with diisocyanates was successful for the aliphatic hexamethylene diisocyanate. As for the aromatic 2,4-toluene diisocyanate, a low yield of the desired product was obtained, since a similar ring closing reaction took place. The urethanes were synthesized in order to evaluate their plasticizing and viscosity-modifying properties.
Introduction
Depletion of fossil resources and the effects of climate change provide an impulse for the development of sustainable fuels and chemicals from renewable resources. Novel platform chemicals are being developed or rediscovered, e.g. succinic acid, isosorbide, HMF (hydroxymethylfurfural), vegetal oils and glycerol. Recently, several research programs have been set up to stimulate the development of bio-based chemical products. 1 One of these initiatives has led to the industrial production of isosorbide, a bicyclic diol derived from sorbitol, that has superior heat-resistant properties. Isosorbide diesters can be used as good substitutes for phthalate plasticizers, as exemplified by Polysorb ® ID 37. As phthalates are increasingly under pressure because of their estrogenic and thus endocrine disrupting properties, the evaluation of possible substitutes is of major importance for the polymer industry since they still play a major role as plasticizer, next to adipates, citrates, epoxidized soybean oil and higher alcohols. 2 Isosorbide modified with natural cinnamic acids can also be applied as a UV-absorbing plasticizer in sunscreens.
The vegetable sources for the synthesis of renewable chemicals can still be divided in two classes, the food and non-food crops. As the non-food crops do not interfere with the food supply chain they can be used for non-food applications without any ethical concern. Castor oil, from the seeds of Ricinus communis (Euphorbiaceae) is an example of a non-food resource that is rich in ricinoleic acid (Figure 1, A) . This unique C18 fatty acid with a hydroxyl group at position 12 and a double bond at position 9, can be easily converted in 10-undecylenic acid (further called UA) through pyrolysis. The literature on this unique fatty acid has recently been reviewed. 4 Our research is concerned with the reactivity study of the fully renewable acyloin condensation product, that can be obtained through a sodium promoted coupling process of UA. 5 In this manuscript, the reaction of this secondary alcohol with isocyanates is reported to obtain new urethanes with potential plasticizing or viscosity-modifying properties.
Several patents describe the reaction of various alcohols with mono-and/or diisocyanates for the plasticizing and rheological properties of the obtained compounds. For example Noctadecylbutylurethane (Figure 1, B) and analogues with the butyl group replaced by a C6 up to C22 linear alkyl chain are used in hot melt ink jet inks as viscosity controlling compounds.
6 NOctadecylbutylurethane is used as an internal plasticizer in propellant compositions, successfully replacing dibutylphtalate, dioctylphtalate and triacetin. 7 Analoguous compounds derived from diisocyanates and C1 up to C22 alcohols are used as carriers comprising 90-95% of ink jet inks 8 or to prevent precipitation in pigment dispersions due to an increased stability. PVC-plasticizers were prepared from aromatic diisocyanates and methyl ricinoleate from castor oil (Figure 1, C) or a saturated analogue thereof.
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Besides plasticizers, the urethane function was also used to construct bolaforms from UA ( Figure  1, D) , which can be further converted into macrocyclic bolaforms via olefin metathesis.
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In our search towards new renewable building blocks from castor oil, the C22 acyloin derived from undecenoic acid was functionalized with several isocyanates towards new urethanes. During the experiments, the formation of 2-oxazolidinones was encountered in some cases. These ring-closed hemi-aminals could be good monomers for the production of polyurethanes through ring-opening polymerization as proven by the work of Höcker et al. 12 Although some initial work has been done on the condensation of acyloins and benzoins with isocyanates, no reactions with aliphatic acyloins containing more than five carbon atoms have ever been reported before.
Results and Discussion
The first part of this work deals with the addition of acyloin 1 (10% solution) to monofunctional isocyanates with the formation of compounds 2 (Scheme 1 and Table 1 ). Although the reaction was expected to be very straightforward, the experiments proved to be much more complicated in terms of obtaining an acceptable conversion.
RNCO (1-1.14 eq)
2a-e Scheme 1. Nucleophilic addition of acyloin 1 to monofunctional isocyanates. First, the reaction was conducted with n-butyl isocyanate in dichloromethane, but was not successful at room temperature nor at reflux temperature for 24h. Higher boiling solvents, such as tetrahydrofuran and toluene, converted the acyloin almost completely after three hours at reflux temperature and at 92°C, respectively. This indicated that a temperature range of 65-92°C was appropriate to perform this reaction. 1,2-Dichloroethane (boiling point of 83°C) was therefore also evaluated as a solvent for this reaction (for compound 2b, 2c, 3 and 4 (see further)). When higher temperatures were applied, side reactions took place for compound 2a (vide infra). The reaction with 2-bromoethyl isocyanate required refluxing in toluene for 16h to reach 95% conversion. Prolonged heating at reflux (72h) to further increase the conversion, resulted in the formation of two products in a 1:1 molar ratio (H-NMR spectrum) and a dibrominated product that was visible in the mass spectrum. Further purification in order to characterize these products was however not successful. Compounds 2a, 2c and 2d were obtained in moderate to good yields. For compound 2b, on the contrary, only 41% was isolated after column chromatography. A possible explanation is the rather low melting point (30°C) that may cause some losses during column chromatography at room temperature and which makes recrystallization rather difficult to perform. The amount of isocyanate used in the reactions was approximately one equivalent (as optimized by performing experiments with varying amounts of equivalents) and is given in Table 1 .
The observations for the reaction with phenyl isocyanate differ from these with acyclic, aliphatic isocyanates already mentioned. More polar compounds eluted from the column (using pure ethyl acetate) after compound 2e had eluted, and were isolated in 39% yield. After further chromatographical purification, a white, solid compound was found to be the 5-membered ring closed hemiaminal derivative 2f (Figure 2 ), formed by nucleophilic attack of the urethane nitrogen onto the carbonyl function. Figure 2 . Ring closed hemiaminal 2f formed from urethane 2e during column chromatography.
Compound 2f was mainly formed on the silica column since it was hardly visible in the spectrum of the original reaction mixture. The structure of this compound was confirmed by comparison of the spectral data with published data on short chain analogous hemiaminals. Especially the reported ppm-values of the oxazolidinone ring in 1 H-and 13 C-NMR were in accordance with the observed values for compound 2f (Table 2) . 13, 14 The presence of a peak with the molecular weight of the dehydrated product in the mass spectrum was also observed to be characteristic as well as the aromatic multiplet in the 1 H-NMR comprising all the aromatic proton signals (and no separate peak for the para protons).
14 This ring closure was also observed for compound 2a when it was heated for 1.5 h at 92°c followed by heating at 100°C. After chromatography, 62% of the isolated products proved to be the oxazolidinone derivative as confirmed by 1 H-NMR, although it was not completely pure. The reaction temperature is therefore a critical factor. As for compounds 2b-2d no such ring closure was observed at the reported reaction conditions. The formation of 4-oxazolin-2-ones has been observed from low molecular weight acyloins and benzoins in DMF/pyridine. Only the ring-closed product and not the open carbamoylated benzoin could be isolated (with low yield). 15 The reaction of 3-Hydroxy-3-methyl-2-butanone with aromatic isocyanates leads to cyclic 4-hydroxy-2-oxazolidinones that were dehydrated to exocyclic 4-methylen-2-oxazolidinones. 16, 17 More recent publications show that this condensation towards open chain carbamates or cyclic hemiaminals (anti and syn adducts) and dehydrated exo-and endo-adducts is thermodynamically controlled. 13, 18 The addition of bifunctional isocyanates (hexamethylene diisocyanate and toluene 2,4-diisocyanate) has also been evaluated (Scheme 2). For the aliphatic diisocyanate, the reaction was complete after 5 hours of reflux in 1,2-dichloroethane. Recrystallization from petroleum ether yielded 86% of compound 3. The formation of ring closed derivatives was not observed in this case, which can be explained by the sterical hindrance in urethane 3. Condensation of acyloin 1 with toluene-2,4-diisocyanate in the same solvent for 3.5 hours, seemed successful judging the NMR spectra. During column chromatography, however, the NMR-spectra of successive collected fractions started to show deviations from the original spectrum. Comparison with the spectrum of 2f, revealed some characteristics of the ring closed side product and, judging from the integrations in the 1 H-NMR, ring closure occurred only at one side of the aromatic ring (61%), although no clear conclusions could be drawn from the mass spectrum and the 1 H-NMR-spectrum was not completely pure. Nevertheless, it was possible to isolate product 4 in 22% yield in the first fractions of the chromatographical separation. 
Conclusions
In summary, novel aliphatic and aromatic urethane derivatives of a renewable C22-acyloin could be prepared in moderate yield. In most cases only the open chain urethane was isolated, but in the case of the aromatic and the n-butyl derivatives, the ring closed hemiaminal was also isolated. The formation of these compounds occurred mainly during column chromatography (for the aromatic derivatives) or at higher reaction temperatures (for the n-butyl derivative). These urethanes derived from renewable undecenoic acid may be used as additives for the polymer industry. Their properties are being evaluated and will be reported in due course.
General. High-resolution 1 H NMR (300 MHz) and 13 C NMR (75 MHz) spectra were obtained with a Jeol JNM-EX 300 NMR spectrometer. Peak assignments were confirmed using DEPT and 2D-HSQC, HMBC and COSY spectra. MS spectra were recorded on an Agilent 1100 Series VS (ES, 4000 V) mass spectrometer. High Resolution mass spectra for compounds 2a, 2e and 3 were determined on a Finnigan MAT95XP Tandem Mass Spectrometer by Positive Electrospray Ionization (+ESI) with direct injection in the sample loop and without separation of compounds. The mobile phase consisted of 50/50 acetonitrile/water + 0.1% formic acid (50 μlmin -1 ). The vaporization took place at room temperature and a heated capillary of 250 °C was used. A corona current of 2μA was applied and a mass resolution of 8000 was obtained. The sheath gas was N2 (4 bar). Internal reference ions were PEG and PPG ions. The other compounds (2b, 2c, 2d, 2f and 4), were analyzed on an Agilent 6220 Accurate-Mass TOF LC/MS equipped with APCI/ESI multimode source. Samples were recorded using direct infusion and 4 GHz High Resolution Mode. IR-spectra were obtained with a Perkin Elmer Spectrum BX apparatus (ATRmeasurement). Melting points of crystalline compounds were measured with a Büchi 540 apparatus and are uncorrected. Rf values were calculated from glass plates coated with a thin layer of silicagel 60 F254 (Merck). All reagents were purchased from Sigma-Aldrich or from Acros Organics and were used as such unless otherwise stated. The acyloin (12-hydroxydocosa-1,21-dien-11-one) was prepared following the procedure described.
14 A more straightforward procedure for the crystallization of the acyloin from petroleum ether at -18 °C (in stead of from boiling dichloromethane and methanol), was however used. All reactions were performed using a Schlenck apparatus to keep the reagents under nitrogen gas and exclude water from the reaction medium. All solvents used were dried by distillation after the addition of sodium and benzophenone as an indicator or were kept on molecular sieves to remove water. Table  1 for solvents, equivalents of isocyanate used, reaction temperatures and times and purification methods) To a flame dried 50mL flask a 10%-solution of acyloin 1 in extra dry solvent was added and kept under a nitrogen atmosphere. For compounds 2a and 2e, 1.61 g acyloin (4.8 mmol) was used, for compound 2b, 1.29 g (3.8 mmol), for compound 2c, 1.35 g (4.0 mmol) and for compound 2d, 3.36 g (0.01 mol). Then, isocyanate was added volumetrically through a septum using a syringe. The reaction mixture was heated at the mentioned temperature and time.
General procedure for the reaction of acyloin 1 with monofunctional isocyanates (see
1 H NMR of the mixture revealed a conversion of 90% or more. The solvent was evaporated and the mixture was purified by column chromatography on silica gel using petroleum ether/ethyl acetate (compounds 2a, 2b, 2d, 2e and 2f) or was recrystallized from petroleum ether (2c). (12-Oxodocosa-1,21-dien-11-yl) n-butylcarbamate (2a) Oxodocosa-1,21-dien-11-yl) n-octylcarbamate (2c) . White powder, yield 70%, 1.38 g, mp: 45-46 °C. 1 H NMR(300 MHz, CDCl3): δH 0.86-0.90 (t, 3 JH,H = 6.4 Hz, 3H, CH3), 1.27 -1.71 (m, 38H, CH2), 2.00-2.07 (m, 4H, CH=CH2-CH2), 2.34-2.55 (two times dxt, 2 JHa,Hb = 17.6 Hz, 3 JHa,H = 7.4 Hz, 3 JHb,H = 7.4 Hz, 2H, CH2CO), 3.14-3.20 (m, 2H, CH2-NH), 4.88 -5.01 (m, 6H, -CHOCO + CH2=CH-+ NH), 5.74-5.87 (dxdxt, 3 JH,H = 6.6 Hz, 3 JH,H cis= 10.4 Hz, JH,H trans= 17.1 Hz, 2H, CH2=CH-). Oxodocosa-1,21-dien-11-yl) 2-bromoethylcarbamate (2d) . Pale yellow waxy oil, yield 83%, 4.01 g.
1 H NMR(300 MHz, CDCl3,): δH 1.28 -1.73 (m, 26H, CH2), 2.00-2.07 (m, 4H, CH=CH2-CH2), 2.32-2.55 (two times dxt, 2 JHa,Hb = 17.6 Hz, 3 JHa,H = 7.4 Hz, 3 JHb,H = 7.5 Hz, 2H, CH2CO), 3.45-3.49 (m, 2H, CH2-Br), 3.54-3.66 (m, 2H, CH2-NH) , 4.91 -5.02 (m, H, -CHOCO + CH2=CH-), 5.35-5.39 (broad triplet, 3 JH,H = 6. General procedure for the reaction of acyloin 1 with bifunctional hexamethylene diisocyanate To a flame dried 50 mL flask a solution of acyloin (1.29 g, 3.8 mmol) in extra dry 1,2-dichloroethane ( dried with molecular sieves, 15 mL) was added and placed under nitrogen gas. Then hexamethylene diisocyanate (0.336 g, 2 mmol, 0.52 eq) was added by means of a syringe through a septum. The reaction mixture was refluxed for 5 h. In 1 H NMR a conversion of more than 95% was observed. After evaporation of the solvent, product 3 was recrystallized from petroleum ether. 12-oxodocosa-1,21-dien-11-yl) 1,6-hexanedicarbamate (3 General procedure for the reaction of acyloin 1 with bifunctional 2,4-toluene diisocyanate To a flame dried 50 mL flask a solution of acyloin (1.35 g, 4.0 mmol) in extra dry 1,2-dichloroethane (dried with molecular sieves, 15 mL) was added and placed under nitrogen gas. Then 2,4-toluene diisocyanate (0.35 g, 2 mmol, 0.50 eq) was added by means of a syringe through a septum. The reaction mixture was refluxed for 3.5 h. In 1 H NMR a conversion of more than 95% was observed. After evaporation of the solvent, product 4 was purified by column chromatography on silica with 10:1 petroleum ether: ethyl acetate to 3:1 petroleum ether: ethyl acetate. Bis (12-oxodocosa-1,21-dien-11-yl) 
Bis(

